In this paper, a new driving method for a stepper motor is proposed. The proposed method can compensate a detent torque of the stepper motor and reduce the disturbance without angle sensors. First, this paper describes studies on conventional driving methods for the stepper motor, full step and micro step driving method. The performance of reducing the disturbance by these conventional methods is investigated through numerical studies. Second, the details of the proposed method are described. The compensation input for a variation of the detent torque is derived. The performance of the proposed method is compared with the conventional methods. The proposed method can drastically reduce the disturbance. Finally, the effects of the sensor less drive of the proposed method on the performance are discussed.
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Introduction
A stepper motor is a highly reliable actuator because it can keep the angle of the motor shaft without leading current. Thus, the stepper motor has been utilized to drive devices in satellites which need high reliability, for example an antenna pointing mechanism and a solar paddle mechanism. However, the stepper motor rotates intermittently because of the motor structure. Thus, the stepper motor generally induces high frequency disturbance when it rotates. The high frequency disturbance can not be reduced by a low sampling attitude control of the satellite. Since the disturbance degrades the pointing stability of the satellite, a low disturbance driving method for the stepper motor is required.
As a low disturbance driving method for the stepper motor, micro step driving method is well known. The micro step driving method subdivides commands for the rotate angle of a conventional full step driving method, and modulates inducing current wave to a sinusoidal wave like. By utilizing the micro step driving method, the driving disturbance decreases compared with the full step driving method. However, it is known that the disturbance-reduction effect of the micro step driving method has certain limitations 1) .
In this paper, a new driving method for the stepper motor is proposed. First, this paper describes studies on the conventional driving methods, full step and micro step driving method. Second, the details of the proposed method are described. The performance of the proposed method is compared with the conventional methods. Finally, the effects of the sensor less drive on the performance are discussed.
Driving Method for Stepper Motor
Inducing current commands of the full step and micro step driving method are shown in Fig.1 . The commands of the micro step driving method are fine and appear more similar to a sinusoidal wave compared with the full step. In general, the command number of the micro step driving method is set to N times as much as one of the full step. The micro step driving method which has N commands is called 1/N micro step driving method. In Fig.1 , since the micro step driving method has four times commands compared with the full step, this method is called 1/4 micro step driving method. Basically, the larger the command number of the micro step is, the smaller the driving disturbance is. However, the disturbance-reduction effects of increasing the command number have certain limitations. Hereinafter, the limitations of the micro step method will be discussed based on numerical analyses. Figure 2 shows one-dimensional analytical model. This analytical model is composed of a stepper motor, a decelerator, and a rotational load. The rotational load indicates the device on the satellite which is driven with the stepper motor, for example communication antenna or solar paddle and so on. As the stepper motor, a two phase stepper motor is assumed. The equation of motion and voltage equation of the analytical model are given as follows:
Disturbance-reduction Effects of Micro Step Method
where V α and V β are input voltages. For the full step and the micro step method, the input voltages are given as (8) indicates the full step driving method and 1 > N indicates the 1/N micro step method. Moreover, i is a integer and increases a number every time one command is induced to the stepper motor. By utilizing equations from Eq. (1) to Eq. (9), numerical analyses were conducted and the disturbance torque in driving the rotational load was calculated. Table 1 shows constant values utilized in the numerical analyses.
Results of frequency components of the disturbance torque are indicated from Fig. 3 
to Fig. 5 when the rotational load is constantly rotated at s
. A comparison of time histories of the disturbance torque is shown in Fig. 6 . From results, the micro step driving method reduced the disturbance torque to about half of the full step method. However, the disturbance torques of the 1/4 micro step and 1/32 micro step were the same. This is because the disturbance-reduction effects of the micro step reached limits. . This is caused by the detent torque T D of the stepper motor. The detent torque is produced by permanent magnets in the stepper motor. Magnitude of the detent torque changes as the rotation of a rotor to a stator. Thus, even when the micro step driving method is utilized, the 250 Hz component of the disturbance torque remained due to the variation of the detent torque T D . To improve the disturbance-reduction effects of the micro step driving method, some compensations for the detent torque are required.
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Proposed Micro Step Driving Method
To eliminate the variations of the detent torque, it is proposed that some compensation voltages are added to the input voltages for the micro step driving method (Eq. (8) and Eq. (9)). The proposed compensation voltages are as follows: 
The amplitude of the compensation torque Δτ is the same as one of the detent torque, and the sign is opposite. Therefore, the detent torque can be compensated by adding the compensation voltages to the input voltages, and then the disturbance torque is expected to be reduced. In this paper, the detent torque is modeled as the first order components of the motor rotation as shown in Eq. (1). Even if more than the second order components are included in the model of the detent torque, the compensation voltages can be similarly derived. In addition, although the proposed compensation voltages are derived as continuous values, these can be converted to discrete values. In that case, the calculated values in Eq. (10) and Eq. (11) are set to the compensation voltages only when the command is induced to the stepper motor. In utilizing the proposed micro step method, the frequency components of the disturbance torque are indicated in Fig. 7 and Fig. 8 . The calculation conditions were the same as the previous calculations. A comparison of time histories of the disturbance torque is shown in Fig. 9 . The results show that the disturbance torque was drastically reduced by utilizing the proposed method. In particular, the 250 Hz components of the disturbance torque are suppressed compared with the results in utilizing the conventional micro step method. In addition, the larger the command number in the micro step method is, the smaller the disturbance torque is in the condition with no disturbance input.
Sensor Less Drive Method for the Proposed Method
In the proposed method, to calculate the compensation voltages in Eq. (10) and Eq. (11), the rotation angle of the stepper motor should be monitored with angle sensors. However, since the stepper motor can control its rotation angle without angle sensors, the driving system with the stepper motor often has no angle sensor. Thus, it is preferable that the proposed method can be utilized without angle sensors. Hereinafter, the sensor less drive method for the proposed method will be described.
As an estimation method for the rotation angle of the motor, a method utilizing an induced voltage is considered. The induced voltage of the motor is expressed as By calculating Eq. (21), the rotation angle of the motor can be estimated with no angle sensor. The inducing currents I α and I β can be monitored with current sensors. However, although Equation (21) can estimate the rotation angle with high accuracy at low speed, the estimation accuracy can get worse at high speed because of the effects of a low pass filter for current sensors and the inductance of the motor. Thus, other estimation methods at high rotation speed should be When the stepper motor doesn't lose steps at high rotation speed, it is assumed that the rotation angle of the stepper motor rotates not intermittently but smoothly and follows the rotation command with a certain phase lag. On the basis of these assumptions, the rotation angle of the stepper motor at high rotation speed is estimated by Eq. (24).
(24)
where μ is a design parameter determined from a cutoff frequency of the low pass filter for current sensors and the inductance of the motor.
In the case different estimation equations are utilized, it should be considered that the estimated rotation angle doesn't become discontinuous in switching the estimation equations. The parameter μ in Eq. (24) was set to 394 rad/s. The results of time histories of the detent torque at low and high rotation speed are indicated in Fig. 11 and Fig. 12 . The estimated values correspond to the true values at all rotation speed. To confirm the effects of the sensor less drive on the disturbance-reduction performance, the disturbance torque was compared in utilizing the proposed 1/32 micro step driving method with and without angle sensors as shown in Fig. 13 . Although 250 Hz and 500 Hz components are slightly large due to the estimation error, the sensor less drive method can drastically reduce the disturbance torque as same as the method with angle sensors. 
Conclusion
In this paper, a new driving method for the stepper motor was proposed. First, this paper described studies on the conventional driving methods, full step and micro step driving method. Second, the details of the proposed method were described. The proposed method could compensate the detent torque and drastically reduce the disturbance torque compared with the conventional micro step method. Finally, the sensor less drive method for the proposed method was discussed. The proposed method could drastically reduce the disturbance torque without angle sensors as same as the method with angle sensors.
